Introduction
Double hydrophilic copolymers (DHCs), which consist of two different hydrophilic segments, have entirely aroused considerable interest because of their environmental friendliness and biocompatibility. In particular, double hydrophilic block copolymers have been widely investigated, which respond to external stimuli 1-15 including pH, 1-6 temperature, 4-15 redox, 11 ions, 12, 15 light, 13 and NO, 14 and show different phase behaviors [16] [17] [18] [19] [20] [21] [22] [23] such as self-assembly, [16] [17] [18] [19] [20] [21] [22] or co-assembly 24 in aqueous solution or organic solvents. It apparently turned out that this class of copolymer could be extensively applied in biomedical areas, [25] [26] [27] [28] [29] [30] for example as a templating agent and carrier for drug delivery systems.
However, few studies have focused on double hydrophilic graft copolymers, due to the difficult synthetic process. In order to deepen the understanding of the relationship between the complicated structure and unique properties, our group has made an effort to develop a variety of double hydrophilic graft copolymers in recent years. Feng et al. synthesized a series of double hydrophilic graft copolymers of poly(N-isopropylacrylamide)-b-[ poly(ethyl acrylate)-g-poly(2-(diethylamino)ethyl-methacrylate)] (PNIPAM-b-(PEA-g-PDEA)) by the combination of atom transfer radical polymerization (ATRP) and a grafting-from strategy, which could lead to self-assembly forming different aggregates in aqueous media driven by varying pH and/or temperature, and obviously showed "schizophrenic" micellization properties. 31 We also reported metallic nano-particles that were stabilized by double hydrophilic graft copolymers, 32, 33 the size of which could be controlled by adjusting the ratio of metal ion to graft copolymer or varying the length of the side chain. Moreover, Jiang et al. reported a dual-stimuli responsive polymer system, poly(acrylic acid)-g-poly(N-vinylcaprolactam) (PAA-g-PNVCL) in 2013, which possessed responsiveness to pH and temperature simultaneously. 34 Generally, when constructing a double hydrophilic polymer system, pendant carboxyls are introduced into the polymeric chain to maintain the hydrophilicity of the corresponding segment, for instance poly(acrylic acid) (PAA) 34 or poly (mathacrylic acid) (PMAA) 33 have been extensively employed in structuring procedures. [35] [36] [37] [38] [39] However, the pendent hydroxyls of poly(2-hydroxyethyl methacrylate) (PHEMA) or poly(2-hydroxyethyl acrylate) (PHEA) have hardly been introduced into polymeric chains, though they can be prepared by reversible addition-fragmentation chain transfer (RAFT) polymerization or ATRP. Indeed, to the best of our knowledge, no one has reported the synthesis of a double hydrophilic graft polymer containing PHEMA or PHEA segments with hydroxyl side groups. This is because the pendant hydroxyls of HEA/HEMA are treated with other functionalities to link the side chains so that the hydrophilic hydroxyls are transformed into hydrophobic ester groups. 31, 32 To construct a new PHEA-based graft copolymer with a hydrophilic PHEA backbone, our group has designed and synthesized a novel trifunctional monomer, 2-hydroxyethyl 2-((2-chloropropanoyloxy)methyl)acrylate (HECPMA), which possessed a polymerizable double bond, a Cl-containing initiating group (-OCOCH(CH 3 )Cl), and a hydrophilic hydroxyl group simultaneously, and we reported the first example of an amphiphilic graft copolymer bearing a hydrophilic PHEA backbone with hydroxyl in every repeated unit of the backbone in 2014. 40 Herein, on the basis of the trifunctional HECPMA monomer developed by our group, we report the synthesis of a well-defined double hydrophilic graft copolymer bearing a PHEA backbone, poly(2-hydroxyethyl acrylate)-g-poly(N-isopropylacrylamide) (PHEA-g-PNIPAM) by successive reversibledeactivation radical polymerization (RDRP). The well-defined PHEA backbone was first formed by RAFT homopolymerization of HECPMA monomer, which possessed a RDRP initiating group (-OCOCH(CH 3 )Cl) and a pendant hydroxyl in every repeated unit. Single-electron-transfer living radical polymerization (SET-LRP) of N-isopropylacrylamide (NIPAM) was directly initiated by -OCOCH(CH 3 )Cl to afford the target product of PHEA-g-PNIPAM while the hydroxyl remained inert. This kind of double hydrophilic graft copolymer showed thermo-responsive phase behavior in aqueous media.
Results and discussion

Preparation of RDRP macroinitiator
Since the example of a double hydrophilic graft copolymer consisting of a hydrophilic PHEA/PHEMA backbone with hydroxyl in every repeated unit of the backbone has been never reported, a HECPMA monomer 40 possessing a polymerizable double bond, a Cl-containing RDRP initiating group (-OCOCH (CH 3 )Cl), and a hydroxyl concurrently, which was developed by our group in 2014, was employed in the current case to construct the PHEA-backbone-containing double hydrophilic graft copolymer. A pendant -OCOCH(CH 3 )Cl initiating group exists in the HECPMA monomer, which means that the most popular "grafting-from" strategy [41] [42] [43] [44] [45] [46] [47] [48] [49] compared to the other two "grafting-through" and "grafting-onto" approaches can be employed in the present work. This method requires the preparation of a macroinitiator followed by the polymerization of the second monomer for the formation of side chains, initiated by pendant initiating sites on the polymeric backbone of the macroinitiator. Therefore, the HECPMA monomer was first homopolymerized to form the desired macroinitiator with a pendant initiating group in every repeated unit. The -OCOCH(CH 3 )Cl initiating group can certainly initiate ATRP or SET-LRP of common vinyl monomers, and ATRP/ SET-LRP of functional monomers bearing halogen-containing initiating groups provided a hyperbranched polymer, not a linear polymer. 50 So, RAFT polymerization, 51-55 the most versatile RDRP process because of its mild reaction conditions, variety of monomers with controlled polymerization, tolerance of monomer functionalities, and utilization for the preparation of copolymers with different architectures, may be the right way to polymerize the HECPMA functional monomers containing RDRP initiating groups. In the current case, HECPMA is a kind of acrylate monomer, for which CDB was often chosen as the chain transfer agent (CTA). 56 Thus, the RAFT homopolymerization of the HECPMA 1 monomer was performed in DMF at 80°C using AIBN as an initiator and CDB as the CTA (Scheme 1). The crude product was a pink powder due to the presence of a dithiobenzoate end functionality. Although the content of the dithiobenzoate moiety was quite low, it may influence the subsequent RDRP graft polymerization and the observation during the subsequent polymerization may be interfered with by the pink color of the dithiobenzoate moiety. The dithiobenzoate end group was then removed by AIBN (20 eq.) 57 and a white powder was obtained after the reaction, which demonstrated the absence of the dithiobenzoate residue. The complete removal of the dithiobenzoate end group was also confirmed by the disappearance of the characteristic peak of a dithiobenzoate end group (510 nm) in the UV/vis spectrum after the treatment with AIBN 57 compared to that before the treatment. The white powder was first characterized by GPC and a unimodal and symmetric eluent peak with a narrow molecular weight distribution of 1.17 appeared as shown in Fig. 1 , which affirmed the well-defined structure of the obtained product from the RAFT homopolymerization. The chemical structure of the white powder was examined by FT-IR, 1 H NMR, and 13 C NMR. The FT-IR spectrum of the homopolymer is shown in Fig. 2A and the typical stretching vibration absorption signal of the double bond of the HECPMA monomer was not found to appear at 1636 cm −1 , which illustrates the successful polymerization of HECPMA monomer. This point was also verified by the disappearance of the resonance signals of the double bond (5.00-7.00 ppm) in the 1 H NMR spectrum ( , which were attributed to the phenyl end groups originating from the CTA of CDB. Furthermore, we can see the stretching vibration absorption of carbonyl at 1735 cm −1 and the broad peak at 3435 cm −1 corresponding to the stretching vibration absorption of hydroxyl in Fig. 2A . In particular, it should be noted that the peak at 4.62 ppm (Fig. S1A †) belongs to the resonance signal of 1 proton of CH 3 CHCl, which evidenced that the RDRP initiating groups remained inert during RAFT polymerization. The proton resonance signal at 4.87 ppm corresponds to the hydroxyl of CH 2 CH 2 OH. The resonance signal of the 2 protons of CH 2 CCH 2 O was found to be located at 4.07 ppm after polymerization (Fig. S1A †) , and was located at 4.93 ppm in the HECPMA monomer due to the presence of a double bond. Now, it can be concluded from all the aforementioned evidence that RAFT homopolymerization of the HECPMA 1 monomer was successfully performed and provided a well-defined PHECPMA 2 homopolymer bearing a -OCOCH(CH 3 )Cl RDRP initiating group in every repeated unit. Though linear poly(methyl methacrylate) standards were employed to calibrate the GPC system, the molecular weight of the PHECPMA 2 homopolymer (6700 g mol −1 ) obtained from GPC was not very accurate because of the relatively strong polarity of the pendant hydroxyl groups in the homopolymer. Thus, GPC/MALS was employed in the current case to Scheme 1 Synthesis of PHEA-g-PNIPAM well-defined double hydrophilic graft copolymer via sequential RAFT polymerization and SET-LRP. determine the absolute molecular weight of the PHECPMA 2 homopolymer and the value was 13 460 g mol −1 . The number of HECPMA repeated units in the PHECPMA 2 homopolymer was then estimated from the data of absolute molecular weight according to eqn (1) (187 and 236.5 are the molecular weights of the CTA moiety and HECPMA monomer, respectively). The result showed that every PHECPMA 2 chain possessed 56.1 Cl-containing RDRP initiating groups.
Synthesis of the PHEA-g-PNIPAM well-defined graft copolymer PHEA-g-PNIPAM well-defined graft copolymer was designed to be constructed by RDRP of NIPAM initiated by the pendant -OCOCH(CH 3 )Cl initiating groups of the PHECPMA 2 homopolymer via the grafting-from strategy. Herein, RDRP of NIPAM with a feeding ratio ([NIPAM] : [Cl group]) of 100 : 1 was performed in DMF at ambient temperature using the PHECPMA 2 homopolymer as a macroinitiator and CuCl/Me 6 TREN as a catalytic system. Two PHEA-g-PNIPAM graft copolymers with different molecular weights were obtained by extending the polymerization time (1.0-1.5 h) as summarized in Table 1 . It can be seen from Table 1 that the molecular weights of both graft copolymers (≥70 400 g mol −1 ) obtained from conventional GPC are much higher than that of the PHECPMA 2 macroinitiator (6700 g mol −1 ) obtained from conventional GPC, evidencing the occurrence of the RDRP of NIPAM. Moreover, both graft copolymers presented unimodal and symmetric eluent peaks with relatively narrow molecular weight distributions (M w /M n ≤ 1.33) in Fig. 1 , which showed that the polymerization of NIPAM proceeded as a controlled process and intermolecular coupling could be neglected. 45 Note that DMF, a polar solvent with strong polarity, was used as the solvent for the RDRP of NIPAM as DMF is a good solvent for both PHECPMA and PNIPAM polymers. However, CuX has been reported to disproportionate into Cu(0) and CuX 2 readily in polar solvents including DMF in the presence of Me 6 TREN ligand. [58] [59] [60] [61] [62] Therefore, a control experiment was conducted to clarify the mechanism of the RDRP of NIPAM in the current case. Two different mixtures (2 mL DMF + 9.9 mg CuCl (0.1 mmol) + 27 μL Me 6 TREN (0.1 mmol), or 2 mL DMF + 13.45 mg CuCl 2 (0.1 mmol) + 27 μL Me 6 TREN (0.1 mmol)) were added separately to two Schlenk flasks under N 2 , followed by three cycles of freezing-pumping-thawing. Both solutions were stirred at 25°C for 30 min and the solution containing CuCl 2 turned blue without any precipitation at the bottom of the flask (inset of Fig. 3) . But, the solution containing CuCl turned green and a clear black sediment appeared at the bottom of the flask (inset of Fig. 3 ). In addition, the maximum UV absorption wavelength of the solution containing CuCl was located at 925 nm (blue line in Fig. 3 ) close to that of the solution containing CuCl 2 (green line in Fig. 3 ), which meant that this absorption might originate from the Cu(II) complex. Both facts strongly supported that Cu(I) disproportionated into Cu(0) and Cu(II) species in DMF in the presence of the Me 6 TREN ligand and the black precipitate should be Cu(0) because of the limited solubility of Cu(0). Previous studies have demonstrated that the mechanism of SET-LRP invokes the reversible activation of dormant polymer chains via a Cu(0)-mediated outer-sphere electron transfer process involving heterolytic C-X cleavage. 58, 62, 63 This mechanism shows that the disproportionation of Cu(I)X generates a Cu(0) activator and Cu(II)X 2 deactivator in situ and the extent of Cu(I)X disproportionation is mainly dependent on the selection of ligand and solvent. [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] Thus, it can be concluded from the above-mentioned results that the mechanism of the RDRP of NIPAM should be that of SET-LRP. Indeed, SET-LRP has emerged as a powerful tool for the rapid synthesis of various polymers with excellent control of molecular weight, molecular weight dispersity, high chain end fidelity, and ultrahigh molecular weight in polar and nonpolar solvents. SET-LRP of NIPAM initiated by the PHECPMA 2 macroinitiator was performed at relatively low conversions (<52%) of NIPAM to suppress the intermolecular coupling reactions. 41, 74 The polymerization kinetics were investigated as depicted in Fig. 4 . It was found that the conversion of NIPAM increased linearly with the extension of polymerization time. These first order polymerization kinetics clearly showed a constant number of propagating species during the polymerization, which is a typical character of SET-LRP. 62 PHEA-g-PNIPAM 3 graft copolymer was characterized by FT-IR and 1 H NMR. In comparison with the FT-IR spectrum of the PHECPMA 2 macroinitiator (Fig. 2A) , new signals originating from the PNIPAM side chains appeared in It has been proved that the molecular weight of the graft copolymer measured by conventional GPC is very different from the 'real' value. 75, 76 'Absolute' molecular weights of the PHEA-g-PNIPAM 3 graft copolymers were obtained from elemental analysis since only the PNIPAM side chains possessed the N element. From the data of the absolute molecular weight of the PHECPMA 2 macroinitiator (M n = 13 460 g mol −1 ) and the nitrogen content of PHEA-g-PNIPAM 3 graft copolymers, the total number of NIPAM repeated units (N NIPAM ) and the length of the PNIPAM side chain (n NIPAM ) can be calculated according to eqn (2) and (3) (13 460 and 113.16 are the molecular weights of the PHECPMA 2 macroinitiator and NIPAM, respectively; 56.1 is the number of -OCOCH(CH 3 ) Cl initiating sites on the backbone), respectively, and the results are summarized in Table 1 . Indeed, the 'absolute' molecular weights obtained from elemental analysis were much higher than those obtained from conventional GPC.
Thus, all this evidence strongly supported the PHEA-g-PNIPAM 3 graft copolymer possession of a well-defined structure: a poly(2-hydroxyethyl acrylate) backbone (56.1 repeated units) and 56.1 PNIPAM side chains (length: 27.4 or 36.1 NIPAM repeated units).
Thermo-responsive phase behavior of the PHEA-g-PNIPAM graft copolymer
It is well known that PHEA is a kind of water-soluble polymer because the pendant hydroxyl groups have hydrophilicity while PNIPAM is a kind of thermo-responsive polymer, which undergoes an abrupt phase transition upon heating at its lower critical solution temperature (LCST) around 32°C. 77 PNIPAM with this LCST is readily soluble in cold water, but undergoes a phase transition to an insoluble state when heated above a certain temperature at which an abrupt change in conformation, solubility, and hydrophilic-hydrophobic balance of the polymer occurs. 78 PNIPAM contains a large number of hydrophilic amide groups, but also contains hydrophobic groups. Hydrogen bonding between the hydrophilic segments of the polymeric chain and water molecules is dominant at temperatures lower than the LCST. When the temperature is raised, a partial displacement of water from the polymer coil weakens these hydrogen bonds and increases interactions between the hydrophobic segments of the polymer. 79 Therefore, the transition from a hydrophilic state to hydrophobic state occurs at a certain temperature, the LCST, and the polymer phase separates. Considering the double hydrophilic nature of the PHEA-g-PNIPAM 3 graft copolymer comprising a hydrophilic PHEA backbone and densely grafted hydrophilic thermo-responsive PNIPAM side chains, it can be expected that the PHEA-g-PNIPAM 3 graft copolymer will exhibit thermo-responsive phase behavior in aqueous solution.
As shown in the insets of Fig. 6 , a colorless and homogeneous aqueous solution of PHEA-g-PNIPAM 3 graft copolymer at 25°C (below the LCST) turned turbid at 50°C (above the LCST). This transition was reversible upon cooling and the solution became transparent again. The phase transition temperature of the PHEA-g-PNIPAM 3 graft polymers could be determined from the temperature dependence of their UV/vis transmittance. Fig. 6 shows the UV/vis transmittance of the aqueous solutions of the PHEA-g-PNIPAM 3 graft copolymer with different concentrations as a function of temperature in a heating process. For copolymer 3a with shorter PNIPAM side chains, the transmittance of the aqueous solutions at 27.5°C was 87% (0.5 mg mL ); all three samples displayed a sharp and reversible transition at the LCST. The transmittance of the aqueous solutions decreased sharply with the rising of the temperature above the LCST. The transmittance of the aqueous solutions at 70°C was 74.8% (0.5 mg mL −1 ), 50.8% (1 mg mL −1 ), and 18.3%
(2 mg mL −1 ). This fact pointed out that the PNIPAM side chains became hydrophobic upon raising the temperature, and therefore the PHEA-g-PNIPAM 3 graft copolymer possessed thermal responsiveness. The values of the LCSTs of the aqueous solutions of the PHEA-g-PNIPAM 3a graft copolymer were 32°C (0.5 mg mL −1 ), 31.5°C (1 mg mL −1 ), and 31°C (2 mg mL −1 ), which were the same as those of the PHEA-g-PNIPAM 3b graft copolymer with longer PNIPAM side chains. These results indicated that the LCST of the PHEA-g-PNIPAM 3 graft copolymer was dependent on the concentration of the copolymer, not the length of the PNIPAM side chain, which is similar to reports in the previous literature.
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The thermo-sensitivity of the PHEA-g-PNIPAM 3 graft copolymer was also checked by temperature-dependent 1 H NMR. 1 H NMR is a versatile technique that reflects the change in the solubility of the copolymer because the proton resonance signals of the desolvated and associated segments become strongly attenuated or even vanish, whereas the proton resonance signals of the water-soluble segments remain unchanged. To deeply understand the phase transition behavior of the PHEA-g-PNIPAM 3 graft copolymer, temperature-dependent 1 H NMR spectra of copolymer 3a in D 2 O ranging from 20°C to 40°C were collected and are shown in Fig. 7 . It can be seen that the corresponding signals of both the PHEA and PNIPAM segments appeared below 30°C, indicating the complete dissolution of the whole graft copolymer. However, a drastic drop in the peak intensity of the corresponding protons of the PNIPAM side chains ( peaks 'a', 'b', 'c', and 'd') was detected when the temperature was raised above 32°C and these peaks almost completely disappeared at 40°C because the intramolecular hydrogen bonding between the PNIPAM segment induced the collapse of the PNIPAM chains and the PNIPAM segment became water-insoluble. Further insight into the thermo-responsive behavior of the PHEA-g-PNIPAM 3 graft copolymer was investigated by DLS. The hydrodynamic diameter (D h ) of the PHEA-g-PNIPAM 3b graft copolymer was obviously influenced by the temperature as shown in Fig. 8 . When the temperature was just 20°C, copolymer 3b dissolved molecularly in aqueous media with low D h s around 20 nm (Fig. 8) . However, the D h of the PHEA-g-PNIPAM 3 graft copolymer increased sharply around 31°C upon the increase of the temperature and the D h of copolymer 3b increased to about 390 nm at 40°C (Fig. 8) . This result is in good accordance with those of UV/vis and 1 H NMR.
To summarize, the above-mentioned results have shown that the PHEA-g-PNIPAM 3 graft copolymer was sensitive to temperature: it dissolved molecularly below 30°C, and it displayed a sharp transition from a double hydrophilic to amphiphilic nature at the LCST in aqueous solution.
Conclusions
We have presented a detailed synthesis of PHEA-g-PNIPAM well-defined double hydrophilic graft copolymers with relatively narrow molecular weight distributions (M w /M n ≤ 1.33) through successive RDRP via the grafting-from strategy, using HECPMA trifunctional monomer as a starting material. Both the syntheses of the backbone and side chains are controllable and the whole synthesis process avoided post-polymerization functionality transformation because HECPMA monomer containing a RDRP initiating group could be copolymerized with another suitable monomer without the RDRP initiating group providing well-defined backbones containing a certain amount of initiating sites, and furthermore affording welldefined graft copolymers with a tunable density of side chains. Moreover, the mechanism of the graft copolymerization of NIPAM was proved to be that of SET-LRP. The graft copolymer consisted of a hydrophilic PHEA backbone and hydrophilic thermo-sensitive PNIPAM side chains, thus PHEA-g-PNIPAM graft copolymer possessed a double hydrophilic nature. To the best of our knowledge, this is the first example of a double hydrophilic graft copolymer bearing a hydrophilic PHEA backbone. UV/vis, 1 H NMR, and DLS results showed that aqueous solutions of PHEA-g-PNIPAM graft copolymers responded sharply to temperature and their LCSTs were dependent on the concentration of the solution. The development of the HECPMA trifunctional monomer will make a great contribution to the controlled synthesis of well-defined graft copolymers because PNIPAM hydrophilic side chains used in the current case can be easily extended to various hydrophilic polymers to generate a great deal of double hydrophilic graft copolymers with different stimuli-responsiveness. .
